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Executive Summary 


This report sets out the methodological approach of the climate risk assessment (CRA) in 
LAND4CLIMATE including the future-oriented climate adaptation scenarios that are considered. The 
aim of this deliverable is to explain the methodology of the CRA in a comprehensible manner to 
ensure its transferability. 


After a short introduction, that shows the CRAs role within the project context, the principles of the 
assessment including its aim and scope are described. Following this, the front runner regions are 
introduced. The methodology is explained subsequently, starting with a chapter concerning the 
handling of uncertainty in CRA. Afterwards the climate hazard indicators are presented including the 
considered scenarios as well as the used data and its resolution and availability. The same is done 
for the indicators for exposure and vulnerability in the next chapter. Following this, the processing 
steps of the assessment are explained, before the visualization of the results is discussed. The 
conclusion constitutes the deliverable's end. 


Keywords 


climate risk assessment; methodological approach; climate hazards; vulnerability 
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1. Introduction 


Climate change is occurring not in isolation but in conjunction with various other processes of 
environmental, social, economic, and cultural transformations. Different scenario types have arisen, 
integrating climate change within the broader context of these changes. By evaluating the impacts 
from combined climate and socioeconomic scenarios, adaptation scenarios can be developed (PIK 
2020). The purpose of this deliverable is to explain the methodology of the Climate Risk Assessment 
(CRA) in LAND4CLIMATE and to show how climate adaptation scenarios are included within the 
assessment. 


LAND4CLIMATE aims to increase the resilience of landscapes and urban settlements in the 
continental biogeographical area and beyond by encouraging the implementation of nature-based 
solutions (NBS). The project works with six frontrunner regions in Austria, Czechia, Germany, Italy, 
Romania and Slovakia. For these regions, local climatic risks are identified with the help of the CRA 
by modelling the potential impact of climate-related hazards under possible future pathways. 
Through the identification of hot spots of climate risks in each region, an evidence base is created 
that allows the derivation of action areas for the implementation of NBS and the selection of 
appropriate NBS to counter these risks. Thereby, the CRA enables the next steps within the project. 


Next to the six front runner regions there are seven replicating regions in the aforementioned 
countries involved in LAND4CLIMATE to enable up-scaling and to contribute to the EU’s mission for 
adaptation to climate change. The replicating regions are to be equipped with NBS implementation 
guidelines that include the procedure of conducting a CRA. The project therefore wants to create a 
procedure that can be successfully replicated in the replicating regions and ideally beyond. To be 
able to ensure the procedures transferability a transparent and comprehensible methodology is 
crucial. For this purpose, this deliverable is fundamental. It begins with an explanation of used 
terminology, defined objectives and scope of the CRA as well as an introduction of the front runner 
regions (Chapter 2). This is followed by the methodological approach, where indicators and input 
data as well as calculation steps for determining the climate risk and the visualization of the results 
are explained (Chapter 3). The conclusion forms the end of the deliverable (Chapter 4). 
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2. Principles Climate Risk Assessment 


Climate risk assessments are used to identify the likelihood of future climate hazards and their 
potential impacts on urban and rural areas and their inhabitants (C40 Cities Climate Leadership 
Group 2018: 2). For the CRA conducted in LAND4CLIMATE, the most current climate risk concept 
of the Intergovernmental Panel on Climate Change (IPCC) as referred to in the sixth Assessment 
Report is followed. Risk in this context is defined as “the potential for adverse consequences for 
human or ecological systems, recognising the diversity of values and objectives associated with such 
systems" (Reisinger et al. 2020: 4). Adverse outcomes encompass impacts on individuals’ lives, 
means of living, health, and overall well-being, as well as on economic, social, and cultural resources 
and investments. This extends to the effects on infrastructure, services including ecosystem 
services, ecosystems, and various species (ibid). 


Within the realm of climate change impacts, risks arise from complex interplays among climate- 
related hazards and the exposure and vulnerability of the affected human or ecological system to 
those hazards (Reisinger et al. 2020: 5). The term hazard refers in this context to the potential 
incident of a natural or human-induced physical event or trend that could result in adverse outcomes 
as described above. Thereby, events encompass various climate hazards, including droughts, 
heatwaves and heavy rain events, while trends represent slow-onset changes such as increasing 
mean temperatures, rising sea levels, or the gradual aridification of a region (IPCC 2023a: 123). 
Combined with the exposure, which is defined as the existence of people, species or ecosystems, 
environmental functions, services, and resources, infrastructure, or economic, social, or cultural 
assets in locations that may face negative impacts and the vulnerability, which describes the 
inclination or predisposition to experience negative effects, this results in the climate risk (ibid: 124- 
130; s. fig. 1). 


Vulnerability 


Figure 1: Concept of Risk as referred to in the 6th Assessment Report of the IPCC (European Commission and 
European environmental agency 2018) 


There are no international or European standards for conducting a Climate Risk Assessment. 
However, ISO 14091 is an internationally accepted framework consistent with the IPCC's 
understanding of risk that offers guidelines on vulnerability, impacts and risk assessment (ISO 
14091:2021 2021). In the course of the LAND4CLIMATE project, the CRA is conducted for the six 
front runner regions following this guideline. 
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2.1 Scope 


The climate impacts that are considered in this assessment were selected using the following 
procedure and are not an exhaustive representation of all possible climate impacts in a region: 


1. Development of impact chains that indicate which hazards have the potential to cause direct 
and indirect impacts of climate change based on ISO 14091:2021 

2. Selection of relevant combinations of hazards and land uses to be considered for the spatial 
exposure based on conversations with representatives of each front runner region 

3. Final selection of hazards and land uses to be considered for the spatial exposure as well as 
vulnerabilities based on data availability 


The scope of the CRA described here includes 18 climate impacts, which deal with the hazards of 
heavy rain, floods, heat and drought as well as the corresponding spatial exposures and 
vulnerabilities as illustrated in table 1. 


Table 1: Scope of CRA in LAND4CLIMATE 


Building density, population 


D D D Residential areas density, vulnerable 
population 
x x S Industrial and commercial Building density 


areas as well as public space 


Social infrastructures 
X D X (home for elderly, schools, Infrastructure capacity 
kindergarten, hospitals) 
Critical infrastructures 
(emergency management, 


X D Infrastructure capacity 
energy supply, 
transportation) 
Dangerous infrastructures 
X X (SEVESO establishments, - 
waste deposits) 
X x x X Agricultural areas = 


x Forest areas - 


Vulnerability involves a range of concepts and components, such as sensitivity or proneness to harm 
and lack of ability to cope and adapt (IPCC 2023a: 130). Within the assessment, the sensitivity is 
considered to cover the vulnerability component of risk. Sensitivity describes the degree to which a 
system is affected by climate variability or change (IPCC 2023a: 128). The adaptive capacity is not 
taken into account as part of the vulnerability within this analysis because the main purpose of the 
CRA is the identification of spatial hot spots of climate risks. Therefore, the impacts, not the overall 
risk matter. However, the results of the CRA can increase the adaptive capacity itself by creating a 
quantitative decision-making basis for climate adaptation and by enhancing the awareness of the 
actors involved through the presentation of the results. 
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2.2 Front runner regions 


The selection of climate hazards included in the CRA is based on the climate hazards the front 
runner regions have experienced in the past. The six regions are located in the continental and 
pannonian biogeographical area in Europe (s. fig. 2). All of them were affected by multiple climate 
hazards in the past and are expecting an increase in these hazards in the future. 


The front runner region in Slovakia is the Roňava River Catchment. In the past, there has been river 
flooding and floods following heavy rain as well as drought and urban heat in the area. In Romania, 
the Upper Timis River Catchment that covers 5.800 km? and inhabits around 320.000 people is the 
front runner region. The area experienced river flooding, floods following heavy rain as well as 
drought. The Lafnitz Catchment forms the front runner region in Austria. It covers 1.994 km? and has 
about 156.000 inhabitants. The main hazards in this area are floods, urban heat and drought. 


Legend Biogeographical regions MN blacksea 
[MINNI continental 
9 Front runner region IR alpine ! mediterranean 
| arctic |... pannonian 
? Replicating region [AN atlantic BERE steppic 


Figure 2: Front runner and replicating regions (own illustration) 


In Italy, the Lower Po Delta that spreads over 3.000 km? and has 300.000 inhabitants, is the front 
runner region. The area was affected by floods and droughts. The front runner region in Germany is 
the county of Euskirchen that covers 1.250 km? and inhabits 195.000 people. In the past, there have 
been droughts, urban heat, river flooding and flooding following heavy rain in the county. The 
National Park Bohemian Switzerland that spreads over 80 km? and inhabits about 8.000 people as 
well as the municipality Krásná Lípa with 3.400 inhabitants and an area of 31 km? form the front 
runner region in Czechia. The main climate-related hazards in the area are floods and droughts. 
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3. Methodology Climate Risk Assessment 


This chapter begins with a description on what uncertainty means in the context of CRA and 
illustrates how it is dealt with in LAND4CLIMATE. Subsequently, the indicators used to represent the 
climate hazards, exposure and vulnerability are set out before the processing steps of the indicators 
within the assessment are explained. Finally, the visualization of the results is discussed. 


3.1 Dealing with uncertainty 


Each element of climate risk - hazards, exposure, and vulnerability - may exhibit uncertainties 
regarding their magnitude and likelihood of occurrence, and these factors may evolve over time and 
space due to socio-economic changes and human decision-making (Reisinger et al. 2020: 4). Since 
there is no certainty about future developments, neither in the forecasts of climate hazards nor in the 
forecasts relating to the level of exposure and vulnerability, the CRA works with different scenarios 
in order to be able to map a range of possible future conditions. 


Present Future 


Range of 
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under a strong change situations 
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Possible development 
under a weak change 
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Figure 3: Parallel modelling approach (own illustration) 


For this purpose, the parallel modelling approach is applied. The parallel modelling approach models 
the possible future characteristics with a defined time horizon in addition to the current characteristics 
of the climate hazards and the exposures/vulnerabilities. The socio-economic and structural changes 
are considered in parallel to the changes in climate hazards in order to be able to model the future 
impacts of climate change on a future society (s. fig. 3). This shows a so-called decision-theoretical 
"possibility space" with different scenarios in which the future characteristics can be assumed 
(Greiving et al. 2018). 
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In LAND4CLIMATE the parallel modelling approach is used for temperature-based climate hazards 
(heat, drought), based on the IPCCs Representative Concentration Pathways (RCPs) and Shared 
Socioeconomic Pathways (SSPs). For the modelling of heavy rain and floods, frequencies or 
probabilities are used (e.g. event with a return period of 100 years or event with a medium 
probability), because future rain fall and flood events are very difficult to derive from the RCP and 
SSP scenarios. Furthermore, each front runner region should have data concerning flooding in 
catchment areas for which there is a significant flood risk for specific frequencies and probabilities 
because the European Flood Directive (2007/60/EC) obliges the member states to prepare this data 
(European Commission 2007). For the exposure and vulnerability components, plans and forecast 
are used based on the defined time horizon for the modelling of the temperature-based climate 
hazards. 


The parallel modelling approach targets the so called scenario uncertainty. However, there are also 
model uncertainties as well as internal variabilities that have to be considered when working with 
future climate projections based on General Circulation Models (GCMs), which are used in the CRA 
(Guillaume et al. 2019). In the case of climate projections, model uncertainty arises from the 
limitations of models in accurately depicting future climate projections. Estimates of model 
uncertainty often involve employing diverse simulation chains, which may include various climate, 
downscaling, and impact models (IPCC 2013). Internal variability is generated by the chaotic and 
non-linear nature of the climate system and due to dynamical processes occurring in the coupled 
ocean-atmosphere system (Deser et al. 2010). It is quantified with so-called standard ensembles. In 
this regard, it is emphasised that for the hazard component of heat and drought, the quantification 
of uncertainty is guaranteed by the use of multi-model ensembles that allow to account for the 
intrinsic uncertainty of the climate system and the epistemic uncertainty, largely due to imperfect 
knowledge of the system and the approximated representation of physical processes 
(parameterisations) in climate models. When possible and appropriate, combinations of large single 
model standard ensembles will be combined to separate the two components of uncertainty. 


3.2 Indicators Climate Hazards 


In the following chapter, the indicators for the climate hazards heavy rain, floods, heat and drought 
used in the CRA are presented. The chosen scenarios for assessing each hazards are described as 
well as the chosen data, their resolution and availability. 


3.2.1 Heavy Rain 


Extreme weather events, such as heavy rain and floods have increased in frequency and intensity 
in recent years. This trend is expected to continue in the future with additional global warming. Each 
year, a high amount of people is affected by disasters as heavy rain overlaps with high vulnerability 
and exposure in many parts of the world (IPCC 2023b). Heavy rain can have a variety of 
consequences, including increased susceptibility to flooding, landslides, slope instability and erosion 
processes. In addition, they pose a risk to human health as well as the structural integrity of 
infrastructure and buildings. As heavy rain can occur anywhere, it is important to distinguish flooding 
as a consequence of heavy rain from river or coastal flooding when assessing the climate risk of a 
region (LUBW 2016). 
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Two scenarios are used to assess the risk of heavy rain in the front runner regions in 
LAND4CLIMATE, as shown in table 2. For scenario A, an event with a medium probability of 
occurrence with a duration of 60 minutes and a return period of 100 years will be used. This 
represents the standard scenario for the evaluation of heavy rainfall risks throughout Europe. For 
Scenario B an extreme heavy rain event is utilised. 


Table 2: Scenarios heavy rain 


: : Ge Event with low probability: 
Event with a medium probability: 
100a / 60 min (RSI7) Extreme event with extrapolation 


factor 


To represent an extreme event, extrapolation factors will be applied, based on the rainstorm severity 
index (RSI12) introduced by Schmitt and Scheid (2020) as shown in figure 4. This concept classifies 
the intensity of a rainstorm with the help of so-called RSI values. The RSI values 1-7 indicate the 
return periods up to a 100-year return period, which is represented by the value 7. The values 8-12 
indicate a rainfall event exceeding the 100-year return period event. To describe the extreme rain 
events, extrapolation factors were created that can be applied to the 100-year rainfall data. The rain 
scenarios with a return period of 100 years, forming the basis for the application of extrapolation 
factors, are derived from either local data or standardized values. The extrapolation factors will be 
selected in close cooperation with the front runner regions to suit the local conditions. This last step 
is of key importance as it ensures that local knowledge and perception of climate change 
development are considered. Furthermore, it increases the acceptance of results on site. 


e” — "b T s X 
eee + y a sees fe 


ULLLLLLLLLLLLLLLLLLLLLU 
HINNI NNNNNNNNMNNI, 
INN NN NANA KOM N 


Intense Extraordinary Extreme 
rainstorm rainstorm rainstorm 


Extrapolation factors for 
rainfall extendingthe 100- 
yearreturn period 


Figure 4: RSI12 concept including extrapolation factors based on (Schmitt und Scheid 2020) 


In the evaluation of climatic risk within a given area, indicators are used to characterize the 
associated hazards. In the context of the CRA in LAND4CLIMATE, the relevant indicators related to 
heavy rain encompass the floodplains within the assessed region, as well as the water levels and 
flow velocities. 
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1. The floodplains are a key component of the risk assessment. Based on the flooded area, the 
exposure of buildings, infrastructures etc. can be determined. It therefore helps to determine 
who and what is affected during a 100-year and an extreme rain event (Oubennaceur et al. 
2021: 2). 


2. Water levels are the second characteristic of a flood event. The water levels allow an 
assessment of the damages that are to be expected. Moreover, it is possible to derive the 
level of danger for humans based on the expected water levels (ibid). 


3. The flow velocity is another component that affects the damage assessment as well as the 
danger for humans since the dynamic of flow forces on buildings and on people increases 
significantly with increasing velocity (Zhou et al. 2012: 541). 


If local data is available, the quantification of the scenarios will be based on existing local data as this 
allows local climatic characteristics and past events to be taken into account. Thereby plausibility 
and credibility of the results can be increased. 


Figure 5 shows the proceeding for selecting suitable rain data for the assessed scenarios. Only if no 
local heavy rain data are available, location-independent values are used for the hydraulic modelling. 
However, this method is not recommended as a first choice since rain is highly dependent on the 
local conditions. 


Scenario A Scenario B 


Using standardized values independent of local conditions 


Local rainfall data 
available? 


= >) Using precipitation 
Yes intensity of an event 
of medium probability 


Use of the 
extrapolation factor 
for an extreme event 


of occurrence 


Figure 5: Flowchart deciding on rain data for different scenarios (own illustration) 


The availability of data varies among the front runner regions. For some areas, results from heavy 
rainfall runoff modelling are already accessible. For other regions, no local information regarding the 
risk of heavy rain exist and therefore, preliminary calculations to enable a subsequent climate impact 
analysis related to heavy rainfall are necessary. 
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3.2.2 Floods 


Floods are expected to increase in frequency and magnitude in several areas around the world, due 
to climate change (Hirabayashi et al. 2021). They stand out as a natural disaster with profound 
implications, frequently leading to catastrophic outcomes (Doocy et al. 2013). In coastal regions, the 
focus extends beyond river flooding to encompass risks such as storm surges and rising sea levels. 
If available, information about these additional risks should be incorporated into the climate risk 
assessment. 


To assess the hazard of flooding, two scenarios are used for the front runner regions (s. tab. 3). 
Scenario A reflects an event with a medium probability of occurrence, represented by the so-called 
HQ100, which describes an event with a 100-year return period. This is a standard scenario for the 
evaluation of flood risks throughout Europe. For scenario B, an extreme event will be used. It is 
assumed that today's extreme event (HQextreme) will be a future event with a medium probability 
of occurrence (Stadt Hagen 2018: 70 f.). The annuality of the extreme event, however, can differ 
between the regions depending on the local definition. 


Table 3: Scenarios floods 


Event with a medium probability: Event with a low probability: 
HQ100 HQextreme 


The indicators used to describe the hazard of floods in the LANDACLIMATE CRA encompass the 
floodplains as well as the water depth and ideally flow velocities and therefore the same indicators 
as the ones used for heavy rain (s. ch. 3.2.1). 


The resolution of the flood data depends on the local available flood hazard maps and may vary 
between different regions. This also applies to data availability. While for some front runner regions 
data on flood hazard is openly accessible, the data retrieval process for other regions includes 
enquiries with authorities. 


3.2.3 Heat 


Extreme heat represents a major concern for CRA in the context of a changing climate and 
increasing global temperatures as the increase in frequency and intensity of heat leads to increased 
human mortality and morbidity in Europe (IPCC 2023b). For the assessment of heat, the existing 
climate simulation (baseline) and subsequently evaluate future climate projections, focusing on the 
time frame until about the middle of the century will be considered. The time frame chosen extends 
until the middle of the century and not beyond, as the objective of the CRA in LANDACLIMATE is to 
pinpoint areas within the front runner regions requiring immediate climate adaptation actions. 
Additionally, vulnerability data are not available beyond this specified period. Two distinct scenarios, 
as outlined in table 4, will be considered: Scenario A, based on moderate climate change pathways, 
and Scenario B, characterized by increased severity of climate change. 
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Table 4: Scenarios heat 


2031-2060 


1991-2020 : 2031-2060 
Current situation RE inne Strong climate change: 
SE RCP 8.5/ SSP585 
RCP 4.5/ SSP245 j 


The rationale is to use three different indicators, namely: 1) temperature statistics, 2) heat wave days 
and 3) the Universal Thermal Climate Index (UTCI). As detailed below, these indicators computed 
for the output of global and regional climate models are generally available via the Copernicus 
Climate Change Service (C3S) with global or European coverage. Their specific application in the 
context of CRA is documented hereafter: 


1. Temperature statistics will be used to establish a relatively simple framework on the one hand 
to validate the models (or model chains) towards reanalyses data, on the other hand to 
assess the robustness of signals associated with global warming. It is foreseen to use daily 
mean, maximum and minimum two-metre temperature. Data will be aggregated over periods 
of 30 years for the historical period and for selected representative concentration pathways. 
Seasonal statistics, including percentiles that approximate relevant thresholds in the public 
health sector, will be analysed for the summer season defined as June-July- August. 


2. Heatwave days will be used to quantify the occurrence of prolonged period of extremely high 
temperatures. This kind of process-oriented indicator is widely adopted and will be applicable 
for a broad range of impacts. For the definition of heatwave, the C3S European health service 
is relied on (Michelozzi et al. 2007; WHO 2009). The adopted definition is based on two- 
metre air temperature and apparent temperature during the summer months from June to 
August. Heatwaves are defined as days with the maximum apparent temperature and the 
minimum temperature above the corresponding 90th monthly percentile for a minimum 
duration of two consecutive days. The apparent temperature is a measure of relative 
discomfort arising from the combination of heat and high humidity, developed based on 
physiological studies on evaporative skin cooling (Steadman 1979). The indicator has been 
selected as it is documented to be sufficiently general to be applied at European scale. If and 
where appropriate, simpler definitions based on temperature only will be employed. 


3. The UTCI is a scalar indicator designed to quantify the human physiological response to 
outdoor environmental conditions. It is an internationally recognised standard to assess 
impacts on human health due to thermal discomfort. In the calculation of this index, a set of 
environmental variables is used as input of a physiological model to obtain a measure of 
thermal stress as output. The UTCI is expressed in the form of an equivalent temperature 
(that is the temperature that would induce the same discomfort at reference environmental 
conditions) and then classified into categories associated with a varying probability of 
experiencing thermal discomfort for the human body. The UTCI has been successfully 
applied in different climatic regions and at different spatial scales, hence it is a flexible 
indicator that can be used in the different case studies targeted by LAND4CLIMATE and can 
be computed with model data with non-homogeneous spatial resolution. 
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Conseguently, temperature statistics will be used to evaluate hazards characteristics per se, 
whereas heat wave days and UTCI will be combined with vulnerability and exposure data as detailed 
in section 3.5.2. 


Data used for the extreme heat hazard indicators include atmospheric reanalyses (that include 
observations over the historical period) and the output of coupled General Circulation Models 
contributing to the Coupled Model Intercomparison Project (CMIP) Phase 5 and 6 (that simulate the 
climate of the historical period and of future scenarios, see e.g. Eyring et al., 2016). Reanalysis data 
and historical simulations will be used for the baseline definition and for the validation of the models, 
relevant data are summarised in table 5. 


Table 5: Data availability for the baseline definition 


Climate Resolution Ensemble 
models size 


T statistics ERA5 Reanalysis 0.25* To be computed 
HW days ERA5 Reanalysis 0.25? 10 To be computed 
UTCI ERA5 Reanalysis 0.25? 10 Available 
T statistics CORDEX- Historical 0.1°-2.5° 10-30 Available 
CMIP5/CMIP6 

HW days CORDEX- Historical 0.1°-2.5° 10-30 Available 
CMIP5/CMIP6 

UTCI CORDEX- Historical 0.1°-2.5° 10-30 Available 
CMIP5/CMIP6 


Scenario simulations will be used to estimate the indicators for the future, data employed are 
summarised in table 6. Note that climate projections data are available for the CMIP5 Euro-Cordex 
climate model under RCPs scenarios, and for CMIP6 under SSPs scenarios. 


Table 6: Data availability for the climate projections data 


Climate Resolution Ensemble 
models size 


T statistics CMIP5 Euro- RCPs 4.5- = 0.1? Available 
Cordex 8.5 
HW days CMIP5 Euro- RCPs 4.5- =0.1° 8 Available 
Cordex 8.5 
UTCI CMIP5 Euro- RCPs 4.5- =0.1° - To be computed 
Cordex 8.5 
T statistics CMIP6 SSPs 2-5°-0.5 ° 10-30 To be computed 
HW days CMIP6 SSPs 2-5°-0.5 ° 10-30 To be computed 
UTCI CMIP6 SSPs 2-5°-0.5 ° 10-30 Available 
UTCI CMIP6 - SSPs Up to 0.1° =4 To be computed 
HighresMIP 
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3.2.4 Drought 


Drought is a type of climate extreme defined by unusually dry, persistent weather conditions affecting 
the hydrological balance of a certain geographical area. The severity of droughts can be worsened 
by heat waves or persistent warmer conditions as these conditions favour drying of the soil through 
enhanced evapotranspiration. Lack of precipitation, deficit in soil moisture, and lack of water in 
reservoirs, lakes, rivers, are all different examples of conditions associated with drought. There exist 
different kinds of droughts, depending on the component of the hydrological cycle that is affected. A 
meteorological drought is defined by unusually low precipitation totals relative to the long-term 
average conditions. An agricultural/ecological drought occurs when a persistent meteorological 
drought and/or increased atmospheric evaporative demand cause a substantial soil moisture deficit 
affecting natural vegetation and crops. A hydrological drought arises when meteorological drought 
conditions and deficits of surface/subsurface water last for longer periods — for example about a year 
or more - therefore causing reduced streamflow in rivers and significant reductions of water levels in 
lakes and other types of water reservoirs. 


Since the aim of CRA in LAND4CLIMATE is to identify areas within the front runner regions where 
immediate climate adaptation actions are needed, the existing climate simulation (baseline) and 
subsequently evaluate future climate projections focusing on a time period until mid-21st century will 
be considered (s. tab. 7). Two scenarios will be considered: Scenario A, based on moderate climate 
change pathways, and Scenario B, characterized by increased severity of climate change. 


Table 7: Scenarios drought 


2030-2060 
2000-2030 Moderate climate eu eo N 
EE i Strong climate change: 
Current situation change: RCP 8.5/ SSP585 
RCP 4.5/ SSP245 i 


Due to the multifaceted definition of the drought concept, monitoring and assessing the severity of 
drought conditions reguires several, diverse drought indicators, each indicative of the different types 
of drought defined above. In general, these indicators are statistical departures of water-related 
guantities from their long-term climatology. Therefore, they provide a measure of the probabilistic 
severity of a certain drought event. Given the complexity of the drought phenomenon, usually more 
indicators are used to better characterize a drought event. Based on the objectives of 
LAND4CLIMATE to provide CRA of agricultural/ecological droughts, the following set of drought 
indicators have been selected: 


1. The Standardized Precipitation Index (SPI). The SPI measures anomalies of accumulated 
precipitation over a given period of time (McKee et al. 1993). The time period over which the 
water deficit accumulates (e.g., 3, 6, 12 months) is extremely important as it functionally 
separates meteorological, agricultural and hydrological droughts. By capturing the multi- 
scalar nature of droughts, the SPI has become one of the most used index to monitor 
droughts in relation to different water resources. SPI-3, for which a three-month accumulation 
time period is chosen, is mostly employed characterizing and for detecting meteorological 
droughts, while SPI-12 well captures hydrological droughts. Agricultural droughts are typically 
monitored through SPI-3 and/or SPI-6 (e.g. Rossi et al. 2023; Mohammed et al. 2022), since 
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three-to-six months is the typical delay in the drought propagation from meteorological to 
agricultural. Generally, values of the SPI between -1 and -1.5 indicate moderate drought 
conditions, between -1.5 and -2 severe drought conditions, while extreme drought conditions 
features SPI values less than -2. 


2. The Standardized Precipitation-Evapotranspiration Index (SPEI) generalizes the definition of 
the SPI — based only on precipitation anomalies - by taking into account also the effect of 
potential evapotranspiration in determining drought. The SPEI measures the accumulated 
anomalies, over a time period, of the climatic water balance at the surface, defined as the 
difference between precipitation and potential evapotranspiration (Vincente-Serrano et al. 
2010). Therefore, the SPEI captures the main effects of increased temperature on 
atmospheric water demand in drying soil, which is an important factor to consider during 
compound heat-drought events or the context of global warming. Similarly to SPI, values of 
the SPEI between -1 and -1.5 indicate moderate drought conditions and between -1.5 and - 
2 severe drought conditions, while extreme drought conditions features values less than -2. 


3. The Soil Moisture Anomaly index (SMA). The SMA measures anomalies of daily soil moisture 
(water) content, and is used to estimate agricultural drought conditions. The SMA indicator 
that is implemented in the Copernicus European Drought Observatory (EDO), is calculated 
every 10-day (dekad) as anomalies of soil moisture index derived from the in-house 
LISFLOOD hydrological model (de Roo et al. 2000). 


4. Statistics of soil moisture anomalies. Given the dependence of SMA and SMI on the specific 
hydrological model used, percentiles of soil moisture anomalies as additional indicators to 
effectively identify agricultural drought are proposed. For example, soil moisture anomalies 
(in %) in the top soil layer (typically the first 10 cm of soil) are easy-to-use and effective 
indicators of agricultural droughts. Soil moisture values can be retrieved from global climate 
models output satellite products. 


The data availability for the baseline definition is presented in table 8. For each indicator the 


observations or models used, the period, the nominal horizontal resolution of the model output, the 
ensemble size and the effective actual availability is provided. 
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Table 8: Data availability for the baseline definition 


Observations/ Period Resolution Ensemble 
models size 


SPEI 


SMA index 


SMA 
percentiles 


SPI 


SPEI 


SMA 
percentiles 


CRU 


Copernicus EU 
drought 
observatory 


ERA5-land 
reanalysis 


CORDEX- 
CMIP5/CMIP6 


CORDEX- 
CMIP5/CMIP6 


CORDEX- 
CMIP5/CMIP6 


1901-2020 


1901-2022 


1995-present 


1950-present 


Historical 


Historical 


Historical 


0.5° 


5 km 


9 km 


ee 


Us 25s 


085225 


Available 


Available 


Available 


Available 


Tobe 
computed 


Tobe 
computed 


Tobe 
computed 


The data availability for the climate projections is presented in table 9. For each indicator the 
observations or models used, the scenarios, the nominal horizontal resolution of the model output, 


the ensemble size and the effective actual availability is provided. 


Table 9: Data availability for the climate projections data 


Climate Resolution Ensemble 
models size 


SPEI 
SMA 
statistics 
SPI 
SPEI 


SMA 
statistics 
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CMIP5 Euro- 
Cordex 


CMIP5 Euro- 
Cordex 


CMIP5 Euro- 
Cordex 


CMIP6 


CMIP6 


CMIP6 - 
HighresMIP 


RCPs 4.5- 
8.5 


RCPs 4.5- 
8.5 


RCPs 4.5- 


=0.1° 


=0.1° 


=0.1° 


2 A), Sy 


VES NS) 


2-5°-0.5 ° 
(up to 0.1 °) 


To be 
computed 


To be 
computed 


To be 
computed 


To be 
computed 


To be 
computed 


To be 
computed 
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3.3 Indicators Exposure 


For the exposure component of this analysis, land uses and infrastructures are considered. Since 
climate hazards have different effects on different land uses and infrastructures, only certain 
combinations of climate hazards and their effect on land uses/infrastructures are included in the 
assessment (s. tab. 10). This chapter will explain which combinations are considered and which 


indicators are used to represent the exposure of these land uses and infrastructures. 


Table 10: Considered exposure for each climate hazard 


Exposure 


Indicator 


Presence of residential 


D D X Residential areas areas exposed to heavy 
rain, floods and/or heat 
Presence of 
industrial/commercial/ 
x x X eer N public areas exposed to 
p P heavy rain, floods and/or 
heat 
Social infrastructures Presence of social 
x x x (home for elderly, infrastructure exposed to 
schools, kindergarten, heavy rain, floods and/or 
hospitals) heat 
cea IE Presence of critical 
di management, energy suppy, HE rg 
transportation) y 
ul Presence of dangerous 
X X esiablishmenis Waste infrastructure exposed to 
deposits) heavy rain and/or floods 
Presence of agricultural 
X X N N Agricultural areas Aea o posode ney 


rain, floods, heat and/or 
drought 


Presence of forest exposed 


X Forest areas to drought 


Heavy Rain and Floods 


Urban areas are particularly at risk when it comes to heavy rain and floods as a large proportion of 
the ground is sealed, which leads to a high runoff rate. In addition, there is a particularly high potential 
for damage due to the high proportion of buildings and people present (European Environment 
Agency 2020: 33). This is why the presence of residential, industrial, commercial and public areas 
is taken into account in the assessment. Moreover, social infrastructures are considered because 
people that use these infrastructures (e.g. kindergarten, home for elderly) are generally dependent 
on the help of others, especially during flooding events (European Environment Agency 2020: 38). 
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To keep a city running, it is highly relevant to maintain the functionality of critical and dangerous 
infrastructures. These can be jeopardised by heavy rainfall and flooding events through material 
damage to the building and its interior. There are interdependencies between many critical and 
dangerous infrastructures, which means that failures in one sector can lead to failures in other 
sectors. In special cases, this can lead to a so-called cascade effect, in which several areas are 
affected and the damage spreads across the entire area (Vamvakeridou-Lyroudia et al. 2020: 2). 
This is why critical and dangerous infrastructures are taken into account in the climate risk 
assessment. 


In addition to that, agricultural areas are included because heavy rain and flooding events can cause 
soil silting and erosion damage as well as a delay in the harvest that can lead to large-scale crop 
failures. There can also be indirect effects on livestock farming as feed production is impaired 
(European Environment Agency 2019: 49). 


Heat 


Heat stress occurs more frequently in densely populated neighbourhoods due to the large number 
of sealed surfaces that absorb the incoming solar radiation and thus, heat up the surrounding area 
(urban heat island effect) (European Environment Agency 2022: 20). This is why the presence of 
residential, industrial, commercial and public areas are included in the assessment. Since elderly 
and ill people as well as young children are particularly vulnerable to heat stress (ibid: 19), social 
infrastructures are taken into account as well. 


Furthermore, agricultural areas are included in the assessment because heat increases the morbidity 
and mortality in livestock farming and leads to a decrease in productivity and thereby lower economic 
yields. In addition, agricultural areas often fulfil a recreational function for the population, which can 
be restricted by heat stress (European Environment Agency 2019: 19). 


Drought 


Drought periods cause the soil to dry out considerably, which leaves plants with not enough water 
and nutrients to provide sufficient yields. Arable farms have to contend with considerable crop 
failures as a result and livestock farms suffer from the fact that most meadows and pastures can no 
longer provide enough feed for the animals, resulting in lower economic yields (European 
Environment Agency 2019: 19). Therefore, agricultural areas are included in the assessment when 
looking at drought. 


Since an increasing threat to forests due to drought has been observed in recent years, forests are 
considered in the assessment as well. The dying of trees due to a lack of water can lead to changes 
in species diversity as well as growth and competitive conditions for different tree species and thus 
to shifts in forest types. Low plant vigour also increases susceptibility to insect infestation and can 
lead to forest fires. In addition to that, forests damaged by drought are considerably restricted in their 
protective function against heavy rainfall (Senf et al.2020: 2f.). 
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3.3.1 Land use 


The land use is analysed for the baseline/current situation and two scenarios (s. tab. 11). Scenario 
A assumes that there will be no changes in land use in 2050 compared to the current situation. In 
contrast to this, scenario B assumes that there will be land use changes based on planning 
documents. By including Scenario A, a comparison between the climate risks of the situations 
“current climate hazard x current land use”, “future climate hazard x current land use” and “future 


climate hazard x future land use” will be possible. 


Table 11: Scenarios land use 


2050 = 
Exposure Current situation Planned land use 
No land use changes changes 


To represent the current land use and the scenario "no land use changes”, CORINE Land Cover 
(CLC) data is utilised. The dataset offers a pan-European land cover and land use inventory with 44 
thematic classes. It uses satellite data from Sentinel-2 and Landsat-8 for gap filling. The dataset is 
available as vector data and raster data with a resolution of 100 m x 100 m for the reference year 
2018 on a principle of full, open and free access (https://land.copernicus.eu/en/products/corine-land- 
cover/clc2018). 


Planning documents are used to represent the planned land use changes for 2050. The type of 
document that illustrates the planned land use changes as well as their availability varies for the 
different front runner regions. For some regions, there are regional plans for the study area while in 
other regions there are multiple communal land use plans. The majority of these plans is available 
as PDF documents, which can be manually transformed into vector data using ArcGlSpro. For most 
plans, an enguiry with the responsible authority for land use planning is necessary to get access. 


3.3.2 Infrastructures 


The social, critical and dangerous infrastructures are taken into consideration separately since the 
data availability deviates from the areal land use data. The term social infrastructure is not uniformly 
defined. In the context of this project, kindergartens, schools, hospitals and nursing and retirement 
homes are considered to be social infrastructures. Similar to that the term critical infrastructures is 
very comprehensive. In LAND4CLIMATE fire and police stations, facilities of energy supply, as well 
as roads and railway infrastructure are included. Dangerous infrastructures comprise SEVESO 
establishments and waste deposits in the context of the project. 


For the exposure of the infrastructures the baseline/current situation as well as one scenario is 
analysed. There is only one scenario considered which assumes that there will be no changes in the 
amount and location of infrastructures because there are no data that would allow a forecast for a 
future scenario in any of the frontrunner regions. Scenario A will allow a comparison between the 
climate risks of the situations “current climate hazard x current infrastructures” and “future climate 
hazard x current infrastructures” (s. tab. 12). 
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Table 12: Scenarios infrastructure 


| E E 2050 
Exposure Current situation No changes 


There are no extensive datasets that compose the social, critical or dangerous infrastructures for the 
frontrunner regions. The data have to be compiled from various data sources. Some data are 
available in excel files while other are available as vector data. To get access to the data an enquiry 
with the responsible authority is necessary in most cases. 


3.4 Indicators Vulnerability 


The vulnerability component is covered in this assessment by including the sensitivity of the exposed 
systems as described in chapter 2. The following chapter will illustrate which indicators are used to 
do so as summarized in table 13. 


Table 13: Considered vulnerability for each exposure 


Heavy rain & Floods: Building 
Building density, population density 
density, vulnerable population Heat: Population density & 
Vulnerable age cohorts 


Heavy rain, Floods & Heat: 


LOISA SUS Building density 


Heavy rain, Floods & Heat: 
Infrastructure capacity Infrastructure capacity (number 
of students, beds, etc.) 
Heavy rain & Floods: 
Infrastructure capacity (number 
of emergency personnel, traffic 
figures per day etc.) 


Infrastructure capacity 


/ / 
i / 
Type of forest Drought: Type of forest 


The sensitivity of dangerous infrastructures towards heavy rain and floods is not considered in the 
analysis because there is a lack data regarding the substances that are kept in the SEVESO 
establishments and regarding the size of the waste deposit. Therefore, it is not possible to establish 
indicators for their sensitivity. The same applies to the sensitivity of agricultural areas. There are no 
data on the kind of crops that are grown or the amount of livestock that is held that would allow an 
indication of the sensitivity towards the different climate hazards. 
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To indicate the sensitivity of residential, industrial and commercial areas as well as public spaces 
regarding heavy rain and floods, the building density in these areas is considered. A high building 
density indicates a high number of people that could be negatively affected as well as a high damage 
potential on buildings themselves in case of a heavy rainfall or flooding event. 


For the social infrastructures, their capacity in the form of number of children and students in the 
kindergartens and school and number of beds in hospitals and homes for elderly is taken as an 
indicator for the amount of people that could be negatively affected by heavy rain or flooding events. 
The capacity of critical infrastructures in the form of the number of emergency personnel in fire and 
police stations, the energy supplied by energy infrastructures as well as traffic figures per day for 
road and railway infrastructures provides information about the severity of the impact in case of a 
failure of the infrastructures following a heavy rainfall event or flooding. 


Heat 


In order to indicate the sensitivity of residential areas to heat the population density differentiated by 
age cohorts is used. This procedure allows accounting for age groups that are especially vulnerable 
to heat such as children and elderly people. For industrial and commercial areas as well as public 
spaces, the building density in these areas is considered as it indicates the number of people that 
could be negatively affected by heat. 


3.4.1 Building density 


The building density is analysed for the baseline/current situation and one scenario. There is only 
one scenario considered which assumes that there will be no changes in the building density by 
2050 because there are no data that would allow a forecast for a future scenario in any of the 
frontrunner regions. By including this scenario, a comparison between the climate risks of the 
situations “current climate hazard x current building density” and “future climate hazard x current 
building density” will be possible (s. tab. 14). 


Table 14: Scenarios building density 


Vulnerability Current situation No M E 


There is no EU-wide dataset that composes the buildings in the frontrunner regions. The data have 
to be compiled from various data sources, separately for each region. Some data are available in 
PDF files, which can be manually transformed into vector data using ArcGlSpro, while other are 
already available as vector data. To get access to the data an enquiry with the responsible authority 
is necessary for most of the datasets. 
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3.4.2 Population density and vulnerable age groups 


The population density is analysed for the baseline/current situation and two scenarios. Scenario A 
uses forecast data containing the highest shrinking or lowest growth rate that is predicted for each 
municipality of each frontrunner region for 2050. In contrast, scenario B works with forecast data that 
predict the lowest shrinking or highest growth rate for 2050 (s. tab. 15). The population data that are 
used differentiate between age groups to make an assessment of vulnerable groups possible. 


Table 15: Scenarios population density and vulnerable age groups 


2050 2050 


v umeei EEN Population forecast A Population forecast B 


There is no comprehensive dataset of population data on municipality level for all frontrunner 
regions. The data have to be compiled from various data sources, separately for each region and in 
some cases each municipality within the region. The current population data are available for every 
municipality within the frontrunner regions; however, population forecasts are not available for each 
municipality. In cases in which there are no forecasts, population growth- or shrinking rates that are 
available on a regional or national level are used to calculate a rough forecast for each municipality. 
The population data are available in excel files. To get access, an enquiry with the responsible 
authority is necessary for most of the data. 


3.4.3 Infrastructure capacity 


For the vulnerability of the infrastructures the baseline/current situation as well as one scenario is 
analysed. There is only one scenario considered which assumes that there will be no changes in the 
capacity of the infrastructures because there are no data that would allow a forecast for a future 
scenario in any of the frontrunner regions. Scenario A will allow a comparison between the climate 
risks of the situations “current climate hazard x current infrastructure capacity” and “future climate 
hazard x current infrastructure capacity” (s. tab. 16). 


Table 16: Scenarios infrastructure capacity 


Vulnerability Current situation No See E 


The data containing infrastructure capacity have to be compiled from various data sources, 
separately for each region and in some cases each municipality within the region. Most of the data 
are available as excel files. To get access, an enquiry with the responsible authority is necessary for 
the majority of the data. 
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3.5 Processing Phase 


In the following chapter, the central methodological steps for determining the value of climate risks 
will be described. The first sub chapter focuses on determining the values of the individual indicators. 
As the first and most complex step, it comprehensibly explains these processes. The following sub 
chapter briefly explains the normalization of these values. Subsequently the final determination of 
the climate risk is illustrated. The chapter closes with a short discussion of the visualisation of the 
results. 


3.5.1 Determination of values 


The first processing step in the assessment is the determination of values for the indicators of the 
climate hazards and vulnerability. For the hazards of heavy rain and floods, one process is used to 
determine the values of each related indicator while various procedures are needed to determine 
each heat and drought indicator. The focus for the exposure and vulnerability indicators lies on the 
preparation of the existing data. 


Heavy Rain 


To determine the hazard of heavy rain the meteorological data needs to be transformed into 
hydraulic information. This is done by using hydraulic models. If no local heavy rainfall model is 
available in a front runner region, a numerical model must be set up in order to obtain an initial 
impression of the heavy rain hazard in the region. Figure 6 displays the procedural steps involved to 
generate meteorological input data for the local climate risk assessment of heavy rain. 


Input data: 


DEM (digital 
elevation model) 
Outlines of 
buildings 


Precipitation data 


Results of local Model d 
heavy rainfall creation ee ae Climate Risk 


ae v Assessment 
available? Flow velocities 


yes 
Figure 6: Flowchart assessment of heavy rain hazard (own illustration) 


A digital elevation model, which shows the differences in elevation across a region, will be used as 
input data to facilitate flow paths and flow velocities during a heavy rainfall event (Welten et al. 2024). 
It is crucial to include the building outlines in the digital elevation model as these strongly influence 
the water levels. Furthermore, it is noteworthy that the model may tend to overestimate water levels 
due to the representation of buildings as flow impediments, disregarding water ingress into buildings 
(Othmer et al. 2020; Hofmann and Schüttrumpf 2021). Subsequent enhancements to the model, 
such as including land use to determine the roughness of specific areas or structures that influence 
the runoff behavior, such as bridges or underpasses can be implemented dependent on data 
availability and temporal considerations (Hofmann and Schüttrumpf 2019). 
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When dealing with a large study area, it is advisable to divide it into smaller segments to prevent an 
overestimation of the heavy rain hazard. Additionally, locations within the study area that hold little 
relevance for the climate risk analysis, such as expansive forest areas, may be excluded from the 
model. The resolution of the model results is strongly dependent on the input data. Enhanced 
resolution in input data correlates with a finer depiction of individual areas in the resultant model 
output. However, with a finer resolution the computational demands increase. It is advisable to utilize 
input data with a resolution of at least 5 m x 5 m to strike a balance between detailed modelling 
output and computational feasibility. 


The outcomes derived from the suggested methodological approach cannot be directly compared 
with local heavy rain hazard maps as these are usually created with extensive local knowledge and 
a detailed validation of the model based on past events. For a climate risk assessment as proposed 
in this context a more general approach to localize heavy rain hazard hotspots is sufficient based on 
a less detailed model. However, if local heavy rain hazard maps are available, they should preferably 
be used. The limitations inherent in the model, stemming from the absence of empirical confirmation, 
underscore the need for caution when interpreting and applying the results, emphasizing the 
theoretical nature of the modelled heavy rainfall risk within the specified regions. 


s TEIN W 7 wit 
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+ 
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z 
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Figure 7: Example for heavy rain model output in the German front runner region a) showing the water depth and 
b) the flow velocity (Dr. Pecher AG 2021) 


The outcomes of the 2D hydraulic modelling show the expected flooded areas, along with the 
corresponding flow depth as well as the flow velocities and contribute the needed information for the 
subsequent local climate risk assessment. Figure 7 provides illustrative examples of heavy rainfall 
modelling. 


Floods 


For the assessment of floods, flood hazard maps will be used, which exist in each of the front runner 
regions according to EU legislation. Without these maps, it is not possible to assess the climate risk 
for the hazard of flooding within the project. The development and computation of a robust hydraulic 
model for river flooding in a region are challenging without the collaboration of local experts. Data 
requirements and the incorporation of local conditions, including flood protection infrastructure, are 
challenging to establish externally. Should a water body in the assessed region poses a danger, but 
analyses has yet been carried out, creating these should generally be the first step. The creation 
must be done in close cooperation with the local authorities and institutes (see figure 8). 
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Development of local 
hydraulic model to 
calculate flood hazard in 
close cooperation with 


Water body still local institutions and 
Flood Hazard categorized as authorities who have Water depth Climate Risk 
Map available for risk access to local data Flooded areas 
relevant area? Flow velocities 


Assessment 


yes 
Figure 8: Flowchart assessment of flood hazard (own illustration) 


Figure 9 illustrates an example of a flood hazard map with a return period of 100 years for the front 
runner region Euskirchen. Illustrated are inundated areas, as well as the water depth and flow 
velocities. 


Figure 9: Example of Flood Hazard Map for 100-year flood in the German front runner region (Landesamt für 
Natur, Umwelt und Verbraucherschutz Nordrhein-Westfalen 2019) 


Heat 


For the calculation of temperature statistics for both the current situation and future scenarios, the 
C3S documentation (C3S) is referred to (Hooyberghs et al. 2023). The input variable is the hourly 2 
m air temperature (K). For assessing the current climate, the ERAS datasets is alluded to (s. tab. 5). 
For future climate projections, the input data are derived from a bias-adjusted EURO-CORDEX 
model output (s. tab. 5). The bias adjustment involves the use of a total of 8 models or model chains, 
including 5 Regional Climate Models (RCMs) which are obtained from a dynamical downscaling of 
Global Climate Models (GCMs) to increase the spatial resolution of the analysis. The calculation of 
temperature statistics from the raw model output of climate projections involves several steps, as 
described in the C3S documentation: 


1. Calculation of daily mean, minimal and maximal temperature time series from hourly or, more 
general, sub-daily data; 

2. Calculation of all the significant statistics for all the models and all the scenarios considered in 
the analysis and computation of seasonal values for the minimal, mean, and maximal 
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temperature for each statistic. Output consists of a yearly (one value per year per grid-point) 
time series of all the relevant statistics per model and scenario; 

3. Averaging data over 30 years periods; 

4. Computation of ensemble mean and ensemble standard deviations for each year. (Performed by 
assuming that each member has an equal probability, which implies that models are not 
weighted according to their performance); 

5. Regridding of data into longitude-latitude grid with a resolution of 0.1 x 0.1 degrees. 


Similarly, for the calculation of heat wave days, the C3S dataset is referred to (Hooyberghs et al. 
2023b). The apparent temperature is computed as a combination of air (Tair) and dew point 
temperature (Tdew) in Kelvin (K): Tapp = -2.653 + 0.994 Tair + 0.0153 (Tae)? (Steadman 1979). 
Hereafter the key methodological steps to processing the model data are summarized to allow the 
replication of the methodology: 


1. Conversion of hourly time series to daily minimal and maximal temperature time series; 

2. Calculation of bias-corrected future apparent temperatures from bias-corrected temperature data 
and other uncorrected parameters, as highlighted in the equation above. Output consists of 
a daily maximal apparent temperature time series; 

3. Calculation of total number of heat wave days over different timeframes for each year, each 
model and each scenario. Results consist of yearly time series for any model and scenario; 

4. Retrieving climate signals by averaging the yearly time series over 30-year periods; 

5. Calculation of ensemble averages in the same way used for the temperature statistics; 

6. Regridding of data into a longitude-latitude grid with a resolution of 0.1 x 0.1 degrees. 


As outlined by Bröde et al. (2012), the calculation of the Universal Thermal Climate Index involves a 
dynamical physiological model of the human body response to environmental conditions. The model 
takes as input 4 environmental variables, namely near-surface air temperature (T), mean radiant 
temperature (MRT), wind speed (U), and water vapour pressure (WP). The methodology to compute 
the UTCI is summarised in this section, while an in-depth description is provided in Bröde et al. 
(2012). The scientific literature on health impacts of extreme heat identified a now-established 
methodology to approximate the dynamical model with an analytical expression that ensure a low- 
cost computation that is compatible with the large volume of climate data. This approximated 
methodology is now the standard adopted by the Copernicus Climate Change Service (Di Napoli et 
al. 2021) and is hence adopted by LAND4CLIMATE. The final UTCI value consists in an equivalent 
temperature (°C). According to a set of criteria listed in Bröde et al. (2012), UTCI values are labelled 
in several stress categories provided in table 17. 
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Table 17: UTCI ranges and stress categories as defined by Bröde et al. (2012) 


UTCI range (°C) Stress category 
Above +46 Extreme heat stress 
+38 to +46 Very strong heat stress 
+32 to +38 Strong heat stress 
+26 to +32 Moderate heat stress 

+9 to +26 No thermal stress 
+9 to 0 Slight cold stress 
0 to -13 Moderate cold stress 
-13 to -27 Strong cold stress 
-27 to -40 Very strong cold stress 
Below -40 Extreme cold stress 


Drought 


Drought events will be determined, for each location and for each grid point of the climatological 
dataset based on the indicator SPI presented in Section 3.2.4, as conventionally done in 
climatological studies (McKee 1993). In particular, a drought event time scale X is defined as the 
period during which SPI-X is continuously negative and reaches a value of -1 or less. The drought 
begins when SPI-X first falls below 0 and ends with the positive value of SPI-X following a value of 
-1 or less. Agricultural drought are best captured by SPI-3 or SPI-6, which will be both used. 
Furthermore, SPEI too will be used along with SPI as it better accounts for the effect of global 
warming and heat waves on drought severity. As outlined in Sect. 3.2.4, the intensity of the drought 
is defined in the following categories: mild drought (-1 <SPl< 0), moderate drought (-1.5 <SPl< -1), 
severe drought (-2« SPl< -1.5), extreme drought (SPl< -2). Both SPI and SPEI are available over 
the recent decades from observations and are ready to be used. They are to be computed instead 
for models outputs and reanalysis products, starting from monthly precipitation totals. In the 
following, the steps required for their calculation are briefly summarized. 


To calculated the Standardized Precipitation Index, accumulated precipitation is estimated for a 
given time period (e.g., 3 or 6 months), using monthly input data. The SPI is thus interpreted as the 
number of standard deviations by which the anomaly in the accumulated precipitation differs from 
the long-term mean. 


The Standardized Precipitation Evapotranspiration Index extends the definition of the SPI by taking 
into account both precipitation and potential evapotranspiration. Given monthly data of precipitation 
and potential evapotraspiration, their difference is worked out and fitted to a log-logistic distribution, 
and then transformed to a normal distribution as done for SPI. Potential evapotranspiration can be 
estimated with an approximate equation (called the Thornwaite equation) which uses only near- 
surface temperature. If more variables are available (e.g., wind speed, surface humidity and 
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incoming solar radiation), more accurate estimates and therefore more sophisticated equations can 
be used to calculate the potential evapotranspiration. 


The soil moisture index (SMI, ranging between 0 and 1) is computed by normalizing the soil moisture 
between the wilting point and the field capacity, following the approach suggested by van Genuchten 
(1987). SMI equals 0 when the soil is severely dry (wilting point) and 1 when the soil moisture is 
above the field capacity. The dekad soil moisture anomaly (SMA) is the calculated as the SMI 
anomaly relative to the long-term average SMI normalized by the SMI standard deviation. According 
to this definition, the anomaly values are expressed as units of standard deviation. Similarly, to SPI 
and SPEI, negative anomalies are associated with drought conditions. 


Soil moisture anomalies in the top soil layer (typically the first 10 cm of soil) are expressed as a 
percentage (%) of the annual or monthly average relative to a reference period. Negative values are 
associated with drought conditions. Percentile ranking of soil moisture anomalies are ten used to 
quantify the exceptionality of the drought condition. The 2™ or 5" percentile are quantiles that capture 
conditions of extreme agricultural drought (for example, soil moisture in 2022 was the second lowest 
in the last 50 years in Europe) while 10" or 25" percentile can be used to detect less severe drought 
conditions. 


Exposure 


To determine the exposure, the land use and infrastructure data are prepared with the software 
ArcGlSpro. For this purpose, the land cover categories of CORINE land cover data and the land 
cover categories of the land use plans are harmonized. Afterwards the formats of the different data 
are uniformed into 100 m x 100 m fishnet grid polygons. Fishnet grid polygons are a net of 
rectangular cells, which in this case have a length, and height of 100m. This resolution is chosen 
because it is detailed enough to enable the identification of hotspots within the front runner regions 
but not so detailed that it suggests a false accuracy. The infrastructure data are prepared with 
ArcGlSpro as well. For this purpose, a 100 m buffer is created around the address points of the 
infrastructures to take into account the buildings connected to the address points of the 
infrastructures. For the linear infrastructures, 25 m buffers are created to take into account the 
physical dimension of the infrastructures. To allow for a more detailed analysis the linear 
infrastructures are then cut into 100 m long parts. 


Vulnerability 


The vulnerability of the exposed land uses is determined to one part by the building density. By 
intersecting the building and land use data in a fishnet grid polygon the building density of residential, 
commercial, industrial and public areas can be determined for each 100 m x 100 m grid cell. The 
population density and vulnerable age groups represent another part of the vulnerability. The excel 
files containing the population data are prepared to be connected to the fishnet grid polygon 
containing the land covers. Then a disaggregation procedure is used to distribute the municipality- 
specific values of the total population and the relevant age cohorts weighted to the grind cells 
containing residential and mixed-use areas. To determine the vulnerability of the exposed 
infrastructures, their point and linear data are supplemented with the related capacity data. 
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3.5.2 Normalization of values 


In order to link indicators of climate hazard and vulnerability, a normalization of the determined 
values has to take place. Normalization of values means that values measured on different scales 
are adjusted to an abstract common scale. However, before a normalization, a summary of indicator 
values is necessary in some cases. For the hazards of heavy rain and floods the indicators flood 
depth and flow velocity are considered to be relevant for all the exposure types and their 
vulnerabilities (s. tab. 18). The two indicator values therefore have to be combined into one total 
value for each the hazard of heavy rain and the hazard of flooding. 


Table 18: Considered hazard indicator for each exposure and vulnerability indicator 


Residential areas 


Universal f 
Flood depth & Flood depth& ^ Thermal E E 
flow velocity flow velocity ee Heat: Population density & 
Vulnerable age cohorts 
Universal Industrial & commercial 
Flood depth A — Flood depth & Thermal areas, public space 
flow velocity flow velocity Climate Index Heavy rain, Floods & Heat: 
(UTCI) Building density 
dereen Social infrastructures 
Flood depth & — Flooddepth& ^ Thermal a Ce 
flow velocity flow velocity Climate Index (number of students, beds, 
(UTCI) 
etc.) 
Critical infrastructures 
dE ee Heavy rain & Floods: 
Infrastructure capacity 
Dangerous 
set] EE infrastructures 
Heavy rain & Floods 
Agricultural areas 
Flood depth SE depth < Heat wave days eor Lee nue Heavy rain, Floods, Heat 
flow velocity flow velocity Anomaly (SMA) 
& Drought 
Standardized 
Flood depth A — Flood depth & E a Forest areas 
flow velocity flow velocity ion Index Drought: Type of forest 
(SPEI) 


Afterwards, a min-max normalization based on the values of the indicators across all scenarios is 
carried out for each front runner region. For this purpose, all values are normalized on a 
dimensionless scale between 0 and 1. Value 1 corresponds to the maximum value of an indicator, 
value 0 is usually assigned to the value range 0 (for scale values such as temperatures, the minimum 
value is assigned to the value range 0). Accordingly, a comparative rather than an absolute 
statement is made regarding the level of climate risk. 
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Finally, the climate risks is determined based on the intersection of the overall assessments of the 
climate hazards and vulnerabilities. With this intention, the normalized (total) values of the hazards 
and vulnerabilities are multiplied. The multiplication guarantees that climate risk are only defined for 
those areas where vulnerable assets are exposed to climate hazards. The climate risk values that 
are determined in this way are also subjected to a min-max normalization to identify spatial hotspots 
within each frontrunner region. Moreover, it is possible to divide the risk values into fixed classes 
and thus provide a certain "pre-interpretation" from "very low (-)" to "very high (+)". Such an 
interpretation makes it easier to estimate the values and consequently to classify the impact in a 
comparative manner. However, it is crucial to display the absolute values as well, since the 
normalized values are abstract in nature. 


3.5.4 Visualization of results 


The visualization and communication of the results of the CRA play a central role as they determine 
the potential areas of application within the LAND4CLIMATE project and beyond. Since the CRA 
aims to identify possible intervention rooms within a respective front runner region, the results must 
be prepared in such a way that this objective can be fulfilled. This can be ensured by illustrating the 
normalized and aggregated climate risks for each front runner region. Furthermore, in order to be 
able to select suitable NBS to counteract an identified risk, it is crucial to integrate information on 
why there is a higher risk in this certain area. By visualizing the hazard and vulnerability component 
of risk separately, as well as the risk itself as a result of combining both components, it can be 
determined whether the hazard, the vulnerability or both lead to a high overall risk. Moreover, the 
results of the assessment will be used in Work Package 2 of LAND4CLIMATE for the analysis of 
effectiveness and efficiency of the NBS. For this purpose, the results of the CRA in form of the 
detailed values for the hazard and vulnerability components before the normalization are needed 
and will therefore be integrated in the visualization as well. 
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Figure 10: Visualization of Climate Risk in Evolving Regions (own illustration) 


An example for such a visualization of a climate risk assessment is the given by the research project 
Evolving Regions (s. fig. 10). The map on the upper right shows the hazard, the map on the lower 
right the vulnerability component and the map on the left the overall climate risk. Next to a normalized 
evaluation of each component, which is visualized by a colour scheme, the detailed values for each 
component are included in the risk map as well. 
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4. Conclusion 


This deliverable has been devoted to explain the methodology of the Climate Risk Assessment in 
LAND4CLIMATE in a comprehensible manner. The CRA focuses on several hazards - heavy rain, 
floods, heat and drought - that are all relevant in the six front runner regions and details the variables 
needed to quantify vulnerability and exposure in present and future scenarios. It shows how the 
parallel modelling approach can be applied to address scenario uncertainties and to map out a range 
of possible future conditions regarding climate hazards and vulnerability for the regions. By setting 
out the steps from finding the scope of the CRA over identifying indicators for the hazards, exposures 
and vulnerability and processing the associated data to the visualization of the results, the 
methodology can be replicated. It is emphasized that CRA is a useful tool to identify areas for NBS 
implementation in future years. The deliverable shows that using data from the six frontrunner 
regions in Austria, Czechia, Germany, Italy, Romania and Slovakia, the CRA can be implemented 
as a showcase for the replicating regions. 
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